Abstract-Increasing deployment of digital subscriber line (DSL) technology operating in the long wave, medium wave and sometimes short wave frequency ranges, has raised the question of how such systems interact with rival radio frequency sources and equipment. Two of the major standards bodies in the field, ITU and ETSI, imposed by the standardization of such promising technologies like ADSL, SHDSL and VDSL, have recently begun to elaborate performance tests for radio frequency interference (RFI) scenarios for inclusion into their standards documents. Existing out-door loops of the copper telephone network can have large dimensions, are often unshielded and sometimes not even twisted, thus, they can act like antennas for both RFI egress and ingress.
I. INTRODUCTION
T HE THEORETICAL treatment of electromagnetic fields and waves is covered by Maxwell's theory. A large number of publications treats the grounding of systematic antenna calculation (e.g., [1] , [2] ). These publications are usually general and provide examples only for the degenerate simple cases, where the solution can be provided in closed form. The treatment of the electric field radiated by a twisted pair cable (e.g., [3] - [5] ) is less widespread, despite the significance of this type of cable for everyday communication.
Nonetheless, the theoretical treatment of that cable is straightforward. As antenna theory states, the source of an electric field is represented by the current distribution of the radiating geometry under consideration. The electric and magnetic fields of a small element of that current distribution are well-known. The total field is obtained by simple line integration of all current elements along each wire of a twisted pair cable. Once the geometry of the twisted pair cable is known, the accuracy of the calculated field only depends on the accuracy of the current-distribution model along both wires of the cable.
The theoretical treatment of the radio frequency interference (RFI) ingress is given by the reciprocal problem, the calculation of the modem input-voltage caused by an incident electric field. The application of the reciprocity theorem on the results of the RFI egress theory will lead to an approximation formula for the terminal voltage across a load impedance (e.g., 135 ), which terminates the twisted pair transmission link.
In this contribution, the calculation of a field radiated by metal wires is reviewed. This is applied to the geometry of a twisted pair cable. Approximation formulae are provided. RFI egress spectra are calculated for exemplary digital subscriber line (DSL) standardized systems. The reciprocity theorem is exploited in order to derive an approximation formula for the RFI ingress case. RFI ingress levels are calculated for various examples.
II. THEORY
The electric field generated by a radiating twisted pair cable shall be calculated. Maxwell's equations yield the relationship between a small current element at the source point and the electric field element at the field point generated by that current element (1) where (2) Equation (1) is a sum of two vectorial components, the first of which is the transversal component and the second of which is the radial component of the electric field, which is illustrated in Fig. 1 . In the far field, the expression reduces to (3) The field of a radiation device such as an antenna or a twisted pair cable is calculated by integration of the source current along the trajectory (4) Once the current distribution is not known, the application of numerical field solvers like MAFIA (Maxwell's equations using the finite integration algorithm), high frequency structure simulator (HFSS), etc., yields both the field vectors and that current distribution as the solution to the electromagnetic boundary problem.
In analogy to the electric field element, the magnetic field element is given by (5) hence, the total magnetic field vector is calculated by integration along the trajectory of the current distribution (6) III. GEOMETRY
A. Twisted Pair in the Free Space
The shape of a twisted pair cable can be modeled as a double helix. Fig. 2 shows how the current elements in both wires of the double helix contribute to the field calculated by (4) and (6) . Cartesian coordinates of a double helix which passes along the axis in the 3-dimensional space are given by (7) where denotes the cable diameter, is the cable pitch, i.e., the length of one turn, is the physical length of the radiating part of the cable, and is the length parameter. running from zero to lets describe one wire of a twisted pair cable. The second wire is then described by , see Fig. 3 .
B. Twisted Pair Above a Ground Plane
If the twisted pair is installed above a conducting ground plane, the method of images can be applied (Fig. 4) . Without loss in generality, the ground plane is supposed to cross the origin at . Define the unit vector normal to the ground plane as constant . The twisted pair at a height above the ground plane can be described by means of the shifted trajectory , then. The image of that trajectory is given by and is connected to the inverted current. The integration of the current elements as described above must now be performed with both twisted pair cables, i.e., with the actual cable and with its image. The field of interest is obtained at any observation point which is located above the ground plane .
IV. CURRENT DISTRIBUTION ON THE TWISTED PAIR

A. Differential and Common Mode Source-Currents
In the present section, only sinusoidal feeding of the twisted pair cable is considered. From this knowledge, the current distribution can be calculated for arbitrary input signals later on. The current elements on the twisted pair cable are the sources of the electric radiation field. The current consists of a differential portion and a common-mode portion . The differential current is willingly generated by the transmitter under test, whereas the common-mode current is obtained by linear conversion caused by cable and receiver unbalance. It turns out that the field components generated by the differential current in both wires of the twisted pair almost cancel each other, because they have a different sign but equal magnitude. However, in the near field significant values may be generated by a differential current, due to slightly different path lengths from each of both current sources to the point of observation. A simple but effective way to cancel the differential field is the use of twisted cables instead of flat ones. The field components caused by the common mode currents in both wires superimpose each other because they have equal sign and equal magnitude. Hence, the common mode current is the main responsible for the radiated electric field. The distribution of the differential current can be derived from the cable parameters (propagation constant , characteristic impedance ) of the radiating cable and from the terminating impedances of that cable (8) with the input impedance and the current generator provided by the modem. Potential values of are, e.g., 135 for ISDN, SHDSL, and 100 for ADSL, VDSL. Fig. 5 shows the corresponding equivalent circuit.
For the calculation of the common mode current , the common mode propagation constant, characteristic impedance and terminal impedances must be taken into account. These cable parameters for the common mode differ significantly from their differential mode counterparts. The characteristic impedance for the common mode of a drop wire over ground, for instance, can be more than a k . The cable will usually be terminated by a modem which provides a high input impedance to the common mode signal, as Fig. 6 illustrates.
Hence, the common mode current will generate a standing wave along the length of the line, with a minimum at the end of the cable. A worst case is constituted by a lossless cable with the phase constant , where denotes the frequency and the speed of light. The magnitude of the common mode current is determined by the cable balance . These considerations yield the following common mode current along a single 2-wire cable:
The distribution of the common mode current along a cascade of different cable sections will be detailed in the following section.
B. On the Cable Balance
The balance of a cable as well as the balance of a modem is usually defined in terms of voltage. Only a differential voltage is fed into the cable. Cable asymmetry causes conversion of into a common mode portion . A fully symmetric cable would not convert differential voltage into common mode voltage. The balance is defined as (10) It is often provided in a decibel scale and is called longitudinal conversion loss ( ). If the characteristic impedances of the common mode and of the differential mode are identical, the following holds:
Since the characteristic impedances of the common mode and of the differential mode are generally different, the current ratio is different than (12) In general, the longitudinal conversion loss is defined by dB dB dB dB
A factor of two is because the cable consists of two wires. Finally, the tip and ring currents and along the twisted cable are given by
The balance measures , and can generally be considered as frequency dependent throughout this whole document.
C. Theoretical Current Distribution of the Common Mode
The setup which (17) of the standing wave and by the continuity condition at . Fig. 8 shows the current distribution for different lengths of the dropwire. It is assumed that , and that is identical in both sections. The length is chosen such that the common mode is resonant, i.e., that there are current nodes on both ends. Resonance actually is the worst case-in any other case the currents along the cable will be smaller, since the solution to the corresponding eigenvalue problem is to be found at a different frequency, then.
One observes that a low-ohmic termination of the drop wire on one end has no negative influence on the current distribution along the drop wire, in terms of radiation: The low-ohmic termination does not come along with a current antinode. 
V. RFI EGRESS FORMULAE
A. Common Mode Contribution
For the derivation of approximation formulae which are satisfyingly accurate even in the near field of a twisted pair cable, the following assumptions have been made.
• The differential current does not contribute significantly to the radiated field, if the cable is twisted. • The differential current does contribute significantly to the near field, if the cable is untwisted and well balanced.
• The length of the cable (10 30 m) is negligible compared with the wave length ( 500 m).
• Under the above assumption, the current distribution along both wires of the cable is either uniform ( in current antinodes, ), or linear ( in current nodes). If the current is constant, the field component which is perpendicular to the cable is zero, due to the symmetry of the field integral. Every approximation formula can be applied to either linearly or uniformly distributed source currents. The parameter , which will be used in the following is given by There are three significant field components to be considered: The electric field in parallel to the cable, the radial electric field and the magnetic field in perpendicular to the cable. For , for example, the general expression (4) for the electric field reduces to respectively. Please note that in the far field, becomes 0 and the ratio becomes equal to . In the far field, the preceding expressions reduce to:
(26)
B. Radiation Loss
The absolute power radiated by a 2-wire cable can be obtained through integration of the far-field Poynting vector over a self-contained surface. The angular dependence of the field is found proportional to , where is the angle of inclination. One obtains the magnitude of the Poynting vector by (27) is then obtained by 
C. Flat Cables Versus Twisted Cables
If the cable is untwisted (flat), differential components must be considered in addition to the common mode components If the common mode current distribution is uniform, even can be neglected for both twisted and untwisted cables.
VI. RFI EGRESS EXAMPLES
The frequency spectrum of and fields, radiated by a drop wire of 10 m length is calculated. For comparison, the egress caused by both a Symmetric Single-pair High-bit-rate DSL system (SHDSL) at its maximum data rate of 2304 kb/s, and by an Asymmetric DSL system (ADSL), are calculated. Primary cable parameters of a flat drop wire of the type [6] have been used. The field strengths have been calculated for the twisted case as well as for the original flat case. A current balance of 40 dB has been chosen. The current balance has been assumed to be identical to the voltage balance, which is a worst case assumption. In a first case, the shortest distance to the cable was chosen 1 m, following [7] . In a second case, this distance was chosen 3 m, following [8] and [9] . In both references, field limits are defined in a bandwidth of 200 Hz below 150 kHz and 9 kHz above 150 kHz. The limits anchored there appear in Figs. 9 and 10, respectively, as divided by the corresponding measurement bandwidth. Please note that, for the sake of comparison, these calculations have been performed without considering the effect of the ground plane. In the worst case, 6 dB must be added to every calculated field. In practice, much less than 6 dB will be observed: At some meters above ground, the direct field will dominate due to a very steep decrease of the near-field strength. Please also note that the field limits in Figs. 9 and 10 are nominal values, related to the corresponding field limits by the characteristic impedance of the free space, , by evaluation of (26). Therefore, field limits are not valid in the near field. Actually, the only existing limits are expressed in terms of the magnetic field.
Finally, Fig. 11 shows the radiation loss for the cable as a function of the frequency. If 10 dB more or less balance can be assumed, will shift 10 dB down or up.
VII. RFI INGRESS FORMULAE
Long wave (LW) radio stations usually use the vertical polarization for their emissions. The electric field strengths caused by LW transmitters are difficult to calculate, because not only near field effects must be taken into account but also the ground conductivity, building density, antenna type, etc. Hence, it is common practice to borrow this data from [10] , and to interpolate the curves provided there. In the following, we assume that the electric field along the twisted pair cable be homogeneous. Therefore, a far field approach is sufficient for the calculation of ingress: The communication cable does not "know," whether the homogeneous electric field it is exposed to is a near field or a far field. Moreover, the differential ingress is negligible when compared with the ingress of the common mode, see Section V-C. The box which represents contains the ingressed or egressed twisted pair cable, terminated by the reference impedance (e.g., 135 ) and a LW transmitter or -field probe, respectively. Provided that the current source at the output is zero, , the output voltage is given by (35) On the other hand, the voltage at the input is given by (36) if the input current . Since the network is reciprocal, it holds that (37)
A. Application of the Reciprocity Theorem
B. Calculation of the Reciprocal Egress Case
In a first step, the electric field at the LW transmitter, caused by the DSL modem, is calculated according to the RFI egress approach. Since the electric field is considered homogeneous along the cable, a far field approach is sufficient (38) where is the current balance of the cable, is the characteristic impedance of the free space, is the input impedance of the modem, e.g., 135 , is the characteristic impedance of the cable (differential mode), is the length of the cable exposed to the incoming field, is the speed of light, and is the frequency. A factor of two is due to the ground-plane image effect.
The conversion of the electric field at the field probe into the terminal voltage is performed under the assumption of an imaginary antenna of the effective length . The open induced voltage of a short stick antenna of the length above ground is given by
The antenna type is arbitrary. That conversion factor which depends on the type of the antenna will be compensated for later on, when the antenna is considered as a transmission antenna. 
C. Calculation of the Ingress Case
The input current of a short stick antenna above ground, necessary to create the field strength at a distance , is given by (40) according to elementary antenna theory. must now be chosen identically in order to calculate according to the egress equations. By swapping indices one and two, one obtains a useful formula for the calculation of the RFI ingress (41) Equation (41) is valid in case that the exposed part of the cable is located at the end, i.e., the common mode termination is open circuit. If the field is captured at odd multiples of about a quarter wavelength away from the end of the modem (corresponds to a current antinode in the egress case), the following formula is more adequate:
(42) will supplementary be attenuated by the differential mode attenuation between that exposed section and the end of the modem.
The impairment power at the modem input is calculated by dBm
VIII. RFI INGRESS EXAMPLES Fig. 13 provides parameterized curves of the RFI ingress power, when a vertically oriented two-wire cable of the length is exposed to a vertically polarized homogeneous electric field of 1 V/m. The current balance of the cable is assumed 40 dB and is identical to the voltage balance. We assumed a cable diameter of 1.14 mm and the characteristic impedance of a according to [6] . For 10 dB more or less of an incoming field, the curves must be shifted 10 dB up or downwards. The same holds for . Both a numeric field integration of the twisted pair cable, and the approximation formula presented in Section I have been used to calculate the load power at the modem input. A maximum deviation of 0.2 dB has been observed. Concerning cable orientation, the worst case has been assumed, i.e., parallel orientation to the incoming field. Other cable orientations have also been verified. A numerical field integration revealed attenuation of the RFI impairment of at least 50 dB, when the cable was oriented in parallel to the RF propagation, and even 75 dB more when the cable was oriented in parallel to the incoming field. The calculated RFI power levels at the input of a modem, connected to a 10 m drop wire with typical RFI impairment scenarios in Europe present, are presented in Table I. IX. CONCLUSION The electromagnetic field theory required for the determination of the field radiated by a twisted pair cable has been depicted. The approach makes use of a well-known expression for the electric and magnetic field radiated by an infinitesimal current element. Reasonable assumptions are made for the current distribution on a twisted pair cable. The field at an arbitrary observation point can then be determined by integration of the current elements along the cable. This procedure obeys Maxwell's equations within computer precision and is valid, as long as both the current distribution which is assumed in the cable, and the balance of the cable are correctly modeled. It turns out that the field radiated by a twisted pair cable can be calculated by closed-form expressions.
The theory and approximation formulae provided here are useful not only for theoretical treatment of the RFI egress problem, but for the RFI ingress problem, as well. This is due to the reciprocity theorem of antenna theory, which allows the deduction of the ingress case from the egress case by interchange of cause and effect. Simple yet accurate approximation formulae for the calculation of the terminal voltage of a twisted pair link exposed to a disturbing electromagnetic field have also been derived.
The antenna approach for the RFI egress case and the assumptions on the current distribution along the twisted pair cable was experimentally verified by [3] . There, the longitudinal electric field component was neglected, which can get important in the very near field. The present paper extends that work in the sense of RFI ingress and provides closed-form solutions for the field components of interest. The results have been verified by numerical integration. The present theory has been developed and exploited in the framework of ETSI-TM6 standardization activities. Measurement data on existing cable plant could usually be well reproduced.
